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CATHETER SYSTEM FOR EMBOLI CONTAINMENT 

Background of the Invention 

Field of t^e Inyentjon, 

The present invention relates generafly to medical devices, and, m particular, to a system of improved 
irrigation and aspiration catheters used in the containment and removal of emboli resulting from therapeutic treatment 
of occlusions within blood vessels. 
Description of Related Art 

Human blood vessels often become occluded or blocked by plaque, thrombi, other deposits, or emboli which 
reduce the blood carrying capacity of the vesseL Should the blockage occur at a critical place in the circulatory 
system, serious and permanent injury, and even death, can occur. To prevent this, some form of medical intervention 
is usually performed when significant occlusion is detected. 

Balloon angioplasty, and other transluminal medical treatments, are well-known, and have been proven 
efficacious in the treatment of stenotic lesions in blood vessels. The application of such medical procedure to certain 
blood vessels, however, has been limited, due to the risks associated with creation of emboli during the procedure. 
For example, angioplasty is not the currently preferred treatment for lesions in the carotid artery, because of the 
possibility of dislodging plaque from the lesion, which can enter the various arterial vessels of the brain and cause 
permanent brain damage. Instead, surgical procedures such as carotid endarterectomy are currently used, wherein 
the artery is split open and the blockage removed, but these procedures present substantial risks. 

Other types of intervention for blocked vessels include atherectomy, deployment of stents, introduction of 
specific medication by infusion, and bypass surgery. Each of these methods are not without the risk of emtaofism 
caused by the dislodgement of the blocking material which then moves downstream. In addition, the size of the 
vessel may fimit access to the vesseL 

Thus, there is a need for a system to contain and remove such emboli Various devices and methods have 
been proposed, but none have been especially commercially successful. Perhaps this is because a number of 
significant problems are faced in designing a system which wfil quickly and easily, yet effectively, evacuate emboli 
from a treatment location within a blood vesseL First, the small size of certain vessels in which such therapy occurs 
is a limiting factor in the design of emboli containment and removal systems. Vessels as small as 3 mm in diameter 
are quite commonly found in the coronary arteries, end even certain saphenous vein graph bypass vessels can also 
be as smaB as 3 mm or 4 mm; although some can range as high as 7 mm. Certain of the carotid arteries also can 
be as small as 4 mm in diameter; although, again, others are larger. Nevertheless, a successful emboli removal 
system must be effective within extremely smaB working areas. The system is equally effective in larger vessels, 
those of 5 mm or more in diameter. 

Another obstacle is the wide variety in emboli dimensions. Although definitive studies are not available, 
it is beloved that embofi may have approximate diameters ranging anywhere from tens of micrometers to a few 
hundred micrometers. More specifica«y, embofi which are considered dangerous to the patient may have diameters 
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tha catheters may not necessariy be positioned concentric one with another. Therefore, the term "annuhis" is used 
in a broader sense to refer to the path or space between any two catheters. 

In addition, rather than being telescoped, the innermost two catheters may be placed side-by-side within 
the main catheter. In this embodiment less frictiona! losses are experienced by the fluid as it flows in and out of 
5 the irrigation/aspiration paths. Moreover, the intermediate catheter may take the form of a dedicated irrigation 
catheter or, conversely, a dedicated aspiration catheter. Likewise, the intermediate catheter may comprise a therapy 
catheter which rides over the inner catheter (which itself may take the form as a typical guidewire) to the treatment 
she, or the therapy catheter can be built over an aspiration catheter to provide another embodiment of the 
intermediate catheter. Since irrigation or aspiration can take place in the path between the inner catheter and the 

10 therapy catheter, less time is incurred in the emboli removal process, since the therapy catheter need not be removed 
in exchange for other types of catheters. 

Alternatively, the intermediate catheter can be a single main catheter configured to provide both irrigation 
and aspiration. This catheter has two lumens, one of which can extend past the distal end of the catheter. One 
lumen can be used to provide irrigation, white the other provides aspiration. This dual lumen catheter can be 

15 configured such that at least a portion of the catheter rides over the inner catheter. Alternatively, the catheter can 
comprise a rheolitic device, or any other device capable of both treating and aspirating the occlusion. This would 
eliminate the need for a separate aspiration catheter, thus simplifying the procedure. 

in another embodiment, once therapy has been performed, the therapy catheter is removed, and the patient's 
own blood acts as irrigation fluid. This eliminates the need for a separate irrigation catheter and irrigation fluid. 

20 Aspiration can occur through an aspiration catheter, or through the outer catheter. This reduces the time necessary 
to complete the procedure and reduces the number of necessary catheters. 

Another aspect of the present invention is that the catheter system itself is provided with occlusive devices 
to form an emboli containment chamber. It will be noted that at least two such occlusive devices are needed to 
form a chamber in a straight vessel, while multiple occlusive devices may be necessary to provide emboli containment 

25 in the case of a branching vessel. Again, in this context, the term "occlusive device 1 * makes reference to the 
blocking or containment of emboli within the chamber, since perfusion systems which provide occlusion to the emboli 
are within the scope of the present invention. Thus, various types of occlusive devices such as filters or expandable 
braids that allow particles of less than 20 micrometers to pass through while preventing the passage of larger 
particles, and including inflatable or expendable balloons such as those which are employed by the present catheter 

30 system or otherwise, are within the scope of the present invention. In one preferred embodiment, the outer catheter 
comprises a main catheter having an occlusive balloon mounted on the outer diameter thereof. The occlusive balloon 
is inflated by means of an inflation lumen formed in a wall of the main catheter. The inner catheter comprises what 
may be referred to as a guidewire, but which is also hollow to provide an inflation lumen for a second occlusive 
balloon mounted at the distal section thereof. This occlusive balloon remains inflated until the guide catheter crosses 

35 the site of the lesion within the vessel. Thus, when inflated, these two occlusion balloons form an emboli 
containment chamber. The inner catheter provides a guidewire for those types of therapy devices which are in 
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also has an occlusion device mounted on hs distal end which cooperates with the occlusion device on the inner 
catheter to form a chamber therebetween. The mam catheter has an irrigationjasprration port to permit irrigation 
or aspiration through its lumen. In one preferred embodiment, irrigation fluid is provided through the inner pathway 
and aspiration pressure is provided through the outer pathway. 

The inner catheter is preferably a guidewire. The intermediate catheter can be an irrigation catheter, an 
aspiration catheter, a combined irrigation/aspiration catheter, or a therapy catheter, such as a drug delivery catheter, 
a laser, an ultrasound device, a thrombectomy catheter, a rheolitic device, a stent-deploying catheter, or any of a 
number of devices. The therapy catheter can be, for example, a baDoon angioplasty catheter. Inflatable balloons 
can also be used as the occlusion devices on the inner and main catheters. To inflate the balloon, tne main catheter 
can further comprise an inflation lumen located in the wall of the catheter in fluid communication with the inflatable 
balloon. The intermediate catheter can have both a main lumen and a separate lumen adjacent the main lumen sized 
to received the inner catheter slidably therein. The separate lumen can have a sOt in an outside wall for insertion 
and removal of the inner catheter therethrough. 

To fit in small blood vessels, it is preferred that the main catheter has an outer diameter of less than 5 
mm. To provide efficient clearance of the emboli containment chamber, the inner pathway and the outer pathway 
should have an opening at their distal ends which act to balance fluid flows, in preferred embodiments, the inner 
pathway and the outer pathway each have an opening allowing the passage of particles of about 20 micrometers, 
up to those at least about 500 micrometers in diameter. 

The system can include at least one additional inner catheter having an occlusion device mounted on its 
distal end sized to fit sGdably within the intermediate catheter. This system can be used within branching blood 
vessels where more than one branch must be occluded to create an isolated chamber. 

Accordingly, the catheter system of the present invention provides an improved emboli containment and 
removal system which can be utilized in a wide range of vessel diameters, including extremely small ones. The 
system is easy to use and can quickly and efficiently evacuate the treatment chamber. 

Brief Description of the Drawings 

FIGURE 1 is a schematic illustration of the catheter system of the present invention illustrating the manner 
in which an emboli containment chamber is formed. 

FIGURE 2 is a cross-sectional view taken along line 2-2 of FIGURE 1 illustrating schematically one 
embodiment of the irrigation and aspiration paths which are formed by the catheter system of present invention. 

FIGURE 3 is a side view of the main catheter for use in the present invention. 

FIGURE 4 is a cross-sectional view of the main catheter taken along fine 44 of FIGURE 3. 

FIGURE 5 is a cross-sectional view of the main catheter taken along One 5-5 of FIGURE 3. 

FIGURE 6 is a side view of an over-the-wire irrigation or aspiration catheter for use in the present invention. 

FI6URE 7 is a side view of a single operator irrigation catheter for use in the present invention. 

FIGURES 8 through 10 are cross-sectional views of the single operator catheter taken along lines 8-8, 9-9 
and 1010 of FIGURE 7. 



PCTAJS98/04485 

WO 98/39046 

,2 b . -MOM *• - *» «*— — **•" ^ ,2 ' 12 

"« ,3 b . — — - - - —~ ■** — *" " "'' 2 " 
figure 11 showing a guidewire inserted therethrough. 

;« H \ * — • •* — — - " *■ wt,,M ro :~ « . 

M « k ■ — — ~ — ** ~~ — ~~ - - ta * ' 5 -' 5 " 

FIGURE 14 

FIGURE 16 b . * «» .1 - ■'- «— *» - " *■ ""^ fa „ „ „ fl6UBE 
FIGURE 17 b . b . ,«W -M-M *• " * — ^ * " " 01 

« 19 b . „.p> M * — — - — — * * "** 

containment chamber. rth - the 

FIGURE 20 is a graph illustrating the effect of irrigation and asp.rat.on pressures on flow rate 

emboli containment chamber. 

n...n.H rwrintion oj the Ernbedjngil 
T.e present mvention prov.es a system of enproved Ration and aspiration catheters used . the 

which at least partially occludes the lumen of the blood vessel. 

. ^tKotor 5? and an inner or guidewire catheter 24. This catneter sywm 



WO 98/39046 PCT/US98/04485 

7- 

have other deployment mechanisms, such as filters, braids and the like. The present system is also compatible with 
containment chambers of variable length. Chambers of longer lengths contain a large volume of fluid and, thus, 
increase the time for emboli evacuation andior increase the pressure differential (Ap) required to achieve desirable 
evacuation flow rates. Thus, containment chambers in the range of about 0.3 cc to 30 cc are preferable. 

Although FIGURE 1 illustrates the present catheter system deployed within a straight vessel, it will be 
understood that the principles of the present invention also include other vessel configurations, including branches 
vessels. In such cases, a third or even additional occlusive devices may be used in order to contain the emboli and 
form a working chamber. Such occlusive devices could be mounted on additional inner catheters similar to the one 
illustrated in FIGURE 1, or on a single inner catheter having itself two branches, or otherwise. FIGURE 1 illustrates 
an important feature of the present invention in which the catheters 20, 22, 24 are telescoped within one another. 
Thus, the inner catheter 24 is relatively small in outer diameter and fits within the inner diameter of the intermediate 
catheter 22 and can, in some appGcations, serve as a guidewire therefor. Likewise, the outer diameter of the 
intermediate catheter 22 fits within the inner diameter of the outer or main catheter 20. The catheters 20, 22, and 
24 thus form inner and outer pathways, 30 and 32 between the inner 24 and intermediate 22 catheters and the 
intermediate 22 and outer 24 catheters, respectively. It is through these pathways 30, 32 that irrigation or 
aspiration may be performed. Advantageously, in the present system, irrigation can be performed through the inner 
pathway 30 and aspiration through the outer pathway 32, or vice versa. As explained below in more detail, 
irrigation refers to the injection of fluid through one of the pathways into the containment chamber in order to 
generate an evacuation flow rate. Fluid, together with emboli, are evacuated through the other pathway, being 
assisted by the aspiration pressure which is in reality a suction or negative pressure. It is this pressure differential 
over some length within the chamber which generates the evacuation fluid flow. 

As merely one example, irrigation fluid could be supplied at one pressure through the irrigation pathway as 
indicated by the small arrows in FIGURE 1. Due to the pressure differential in the chamber, fluid begins to flow 
toward the outer pathway, being assisted by the negative aspiration pressure. Thus, emboli in the chamber are 
swept through the outer pathway indicated by the arrows. Accordingly, FIGURE 1 illustrates one catheter 
arrangement of the present invention in which the catheters 20, 22, 24 are telescoped one inside the other; although 
the principles of the present invention apply equally well to other nontelescoped catheter configurations. Also, as 
noted above, other types of catheters may be used in connection with the present system. FIGURE 2 illustrates a 
cross-sectional view of the present catheter system taken along Ones 2-2 of FIGURE 1, and illustrates in further 
detail relative cross-sectional dimensions of the inner and outer pathways. However, h wQI be noted that FIGURE 
2 is schematic in the sense that it illustrates the inner 24 and intermediate 22 catheters positioned at the bottom 
of the lumen of the outer catheter 20. This is for ease of illustration only, as it will be understood that in actual 
practice the positions of the various catheters 20, 22, 24, relative one to another may vary due to pressures, flow 
rates, etc. The catheters 20, 22, 24 of the present system are designed so as to compactly fit within even small 
diameter vessels and at the same time optimize the cross-sectional areas of the inner and outer pathways. This 
design criteria, for a given flow rate, can be expressed as follows: 



PCT/US98/04485 

WO 98/39046 

•8- 



_ Dp%d A 
V 128Lji 



where: Q - Now «te 



Dp - pressure differentia, between the preximel and distal ends of the catheter 

0 - net diameter of the catheter 

1 - the overall length of the catheter 
H - the viscosity of the fluid 

vm JT. 'JZTmZm, .... k mm » MM «■*■ *" " 

at least about 150 nwomaters and mora preferably aoout 

an of the catheters 20. 22. 24 ere approbate* concentric whh one another, fc and op. range 

, ■ L „d, .«^,p«..-..*»^'^-~ , "*~ a,,,, ' l ' ,,, ~ 



WO 98/39046 PCT/US98/04485 

Converting these dimensions to micrometers yields a total inner diameter of the outer catheter 20 of about 2200 
micrometers, an outer diameter of the inner catheter 24 of about 355 micrometers, and a waD thickness of the 
intermediate catheter 22 of about 150 micrometers. This leaves a maximum inner pathway opening (ipj of about 
770 micrometers and the maximum outer pathway opening (opj of about 800 micrometers. This wifl be sufficient 
5 to remove even larger sized emboli. This example also illustrates a catheter system configuration in which the 
respective cross-sectional areas of the inner and outer pathways are similar, thus yielding a balanced pressure 
differential condition in the containment chamber. By efiminating the use of the intermediate catheter, as explained 
below, the opening of the outer pathway can be increased even more. 
Catheter Construction 
10 Outer Catheter 

FIGURE 3 illustrates a side view of a catheter which can be used as the outer catheter of the present 
system. Catheter 110 generally comprises an elongate flexile tubular body 116 extending between a proximal 
control end 112 and a distal functional end 114. The tubular body 116 has a main lumen 130 which extends 
between the ends 112 and 114. The main lumen 130 terminates in a proximal opening 123 and a distal opening 

15 127. A smaller inflation lumen 132, configured in a side-by-side relationship with the main lumen 130, extends along 
the length of the tubular body 116, and terminates within an occlusion balloon 126 mounted on the distal end 114 
of the catheter 110, as described below. The inflation lumen 132 is in fluid communication with the occlusion 
balloon 126, such that fluid passing through the inflation lumen 132 may be used to inflate or deflate the balloon 
126. The infaltion lumen can terminate at its proximal end at one of the ports 122, 124 on the catheter 110. 

20 The tubular body 116 must have sufficient structural integrity, or "stiffness," to permit catheter 110 to 

be advanced through vasculature to distal arterial locations without buckling or undesirable bending of tubular body 
116. However, it is also desirable for tubular body 116 to be fairly flexible near its distal end 114, so that the 
tubular body 116 may be navigated through tortuous blood vessel networks. Thus, in one preferred embodiment, 
the body 116 is made to have variable stiffness along its length, with the proximal portion of the body 116 being 

25 less flexible than the distal portion of the body 116. Advantageously, a tubular body 116 of this construction 
enables a clinician to more easily insert the catheter into blood vessel networks difficult to reach by catheters having 
uniform stiffness. This is because the stiff er proximal portion provides the requisite structural integrity needed to 
advance the tubular body 116 without buckling, while the more flexible distal region is more easily advanced into 
and through tortuous blood vessel passageways. 

30 In ona preferred embodiment, variable stiffness along the length of the tubular body 116 is achieved by 

forming a polymeric tubular body 116 which incorporates a reinforcement along its length. Such reinforcement can 
be a braid or coil formed of various metals or polymers. The body 116 may be provided with a reinforcement 
incorporated into its wall structure. To achieve variable stiffness, the proximal region of the catheter 110 can be 
provided with greater reinforcement than the distal region. 

35 The precise density of the braiding or pitch of the coil provided to the proximal and distal regions can be 

varied considerably at the point of manufacture, such that catheters having a variety of different flexibility profiles 
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Although not required, the interior surface of the lumen 130 may be provided with a liner 135 formed of 
a lubricous material, to reduce the f rtctional forces between the lumen surface and the catheters which are inserted 
into the lumen 130. In one preferred embodiment, the iner 135 is formed out of polytetraf tuoroethylene (PTFE). 
Materials other than PTFE, which are biocompatftta, fairly flexible, and easily mounted to other polymeric materials 
5 of the type used to form catheter tubular bodies, may also be used to form the liner 135. 

To minimize the outer diameter of the tubular body 116, it is preferable that the inflation lumen 132 be 
as small as possible in accordance with its function. That is, the inflation lumen 132 is preferably no larger than 
required to provide sufficient fluid to the occlusion balloon 126 for rapid inflation, or so that fluid may be quickly 
withdrawn from the balloon 126 during deflation. For compliant expansion balloons of the type described below, 
10 inflation lumen diameters of from about .006 inches to about .020 inches are satisfactory, with a diameter of about 
.010 inches being optimal. 

Furthermore, in one embodiment, as illustrated in FIGURES 3*5, the outer diameter of the tubular body 116 
just proximal to the balloon 126 is minimized by providing an inflation lumen 132a with an oval cross-sectional 
configuration, as illustrated in FIGURE 5. Preferably, this inflation lumen 132a has an oval cross-sectional 

15 configuration which extends proximafly from the proximal end of the balloon 126 by a distance of at least 0.1 cm, 
more preferably 1 cm, and optimally by a distance equal to the length of the tubular body. For ease of 
manufacturing, the cross-sectional configuration of the lumen 132 at points further proximal to the balloon 126 may 
be generally circular, as illustrated in FIGURE 4. Where the lumen configuration differs from proximal to distal end. 
as illustrated in FIGURES 4 and 5, a region of transition 133 is provided wherein the lumen configuration changes 

20 from circular to ovaL 

As illustrated in FIGURE 3, an inflatable balloon 126 is mounted on the distal end 114 of the catheter 110. 
In most applications where the catheter 110 is to be used in an emboli containment treatment procedure, the 
inflatable balloon 126 will function as an occlusion balloon, to prevent blood from passing through the blood vessel 
distal of the balloon 126. Thus, the inflatable balloon 126 is preferably able to expand to fit a variety of different 

25 blood vessel diameters. Accordingly, it is preferred that the inflatable balloon 126 have a compliant expansion profile, 
tending to increase in radial diameter with increasing inflation pressure. To achieve this, the balloon 126 may be 
made out of materials which impart such expansion characteristics, including elastomeric materials such as latex or 
irradiated polyethylene. In one preferred embodiment, the inflatable balloon 126 is formed out of a material 
comprising a block copolymer of styrene-ethylene-butylene-styrene,sold under the trade name C-FLEX. 

30 The inflatable balloon 126 can be placed in fluid communication with the lumen 132a via a fill hole (not 

shown) extending through the tubular body 116 within the balloon 126, such that fluid may be introduced into the 
lumen 132 through an inflation port 118 to inflate the balloon 126. Alternately, the lumen 132a may terminate 
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tDmo * a ,« catheter It should be understood that when an irrigation catheter is used 

mtermed.ate catheter. ^ otcurs 

action occurs through the outer pathway ^ the ta-ft. catheter, asphatfcn occurs 

thr0UBh the amer pathway. When an ~ £ ^ occurs through the outer 

thl0 ugh the hiner pathway between the mtermediate and ma. J* 

pathwa , -----^ — 

consent chamber through the aid h ^ ^ ^ ^ ^ 

aspirated through the side holes 146 the (HOPE) or 

PFBAX (Atochem, France). In order to acmeve a 

^ b pM* M «T. - - — 6 T* „*m, can bt 

FIGURES MO Mm -m» W •! « Mm- 230 Wteh ™ . 

catheter 230. on ^ ^ end 238 

35 Although the inner catheter lumen 240 » shown m FfBURE 7 as being r 
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desire! In both embodiments, the main lumen 242 is advantageously left completely unobstructed to provide more 
efficient irrigation or aspiration. The inner catheter lumen 240 can also include a slit 241 or weakened area in the 
outside wail of the lumen 240 along the entire length of the lumen 240 to facilitate faster and easier insertion and 
removal of the inner catheter through the side wall of the lumen 240. By inserting and removing the inner catheter 
5 through the side wall of the lumen 240 on the catheter 236, the need to remove adapters and attachments from 
the proximal end prior to slidably advancing or removing the catheter 236 over the inner catheter is eliminated. It 
should be understood that this sGt 241 or weakened area through which the inner catheter can be inserted and 
removed can exist on the intermediate catheter regardless of whether the catheter is used for irrigation, aspiration, 
therapy or some other purpose. 

10 FIGURE 1 0A is a cross-sectional view of a single operator intermediate catheter 252 positioned within the 

main catheter 250. The separate lumen 254 adapted to receive the inner catheter is positioned adjacent the lumen 
of the intermediate catheter 252. It should be understood that this positioning wiD occur when any single operator 
intermediate catheter is used FIGURE 10A illustrates schematically the inner (IP) and outer pathways (OP) for 
irrigation and aspiration which are formed by the catheter system of the present invention when a single operator 

15 intermediate catheter is used. 

Another embodiment of an aspiration catheter suited for use as the intermediate catheter in the present 
invention is illustrated in FIGURES 11-13. The catheter 260 includes an adaptor 262, preferably a female hier 
adaptor, at its proximal end. The catheter 260 further includes an aspiration port 264 to which a source of negative 
pressure is attached. The aspiration catheter further comprises a long tubular body 266 having a distal end 268. 

20 The distal tip 268 can include a radiopaque marker to aid in locating the tip 268 during insertion into the patient, 
■ and is preferably soft to prevent damage to the patient's vasculature. The aspiration catheter is preferably about 
145 cm in length, although this length can be varied as desired. 

As seen in FIGURE 12, the catheter body 266 is hollow, with an internal diameter ranging from about .020" 
to about .050". Preferably, the inner diameter is about .045". During insertion of the aspiration catheter 260, the 

25 proximal end of the inner catheter 270 is inserted into the distal end of the aspiration catheter 268, and the 
aspiration catheter 260 is slidably advanced over the inner catheter 270, which is positioned inside the hollow lumen 
272 of the aspiration catheter 260. The position of the inner catheter 270 relative to the body of the aspiration 
catheter 266 is illustrated in FIGURE 13, but of course, can vary. For this type of aspiration catheter 260, a very 
long inner catheter 270, generally around 300 cm in length, is used to facilitate the insertion of the aspiration 

30 catheter 260. 

FIGURES 14-15 illustrate another embodiment of an aspiration catheter 250 suitable for use as an 
intermediate catheter in the present invention. This catheter 280 comprises an elongate shaft 282 with a lumen 
284 for aspiration. At the distal end 288, a separate inner catheter lumen 286 is positioned adjacent the main 
aspiration lumen 284. Again, this lumen 286 provides 8 separate lumen, apart from the main lumen 284 of the 
35 catheter 280, for the insertion of the inner catheter. This inner catheter or guidewire lumen 286 can be as short 
as 5 cm, but can extend 30 cm or longer in a proximal direction. During delivery of the single operator aspiration 
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The body tubular member 314 of the catheter apparatus 310 is in the form of hypotubing and b provided 
with proximal and distal ends 314A and 314B and as well as an inner lumen 315 extending along the tubular 
member 314. The balloon member 316 is coaxially mounted on the distal end 314B of the tubular member 314 by 
suitable adhesives 319 at a proximal end 316A and a distal end 31BB of the bafloon member 316 as in the manner 
shown in FIGURE 17. The core-wire member 320 of the catheter 310 may be comprised of a flexible wire 320. 
The flexible wire 320 is joined by soldering, crimping or brazing at a proximal end 320A of the flexible wire 320 to 
the distal end 314B of the tubular member 314 as in the manner show in FIGURE 17. 

Preferably, the proximal end 320A of the flex&le wire 320 has a transverse cross sectional area 
substantially less than the smallest transverse cross-sectional area of the inner lumen 315 of the tubular member 
314. In the preferred embodiment, the flexible wire 320 tapers in the distal end 320B to smafler diameters to 
provide greater flexibility to the flexible wire 320. However, the flexible wire may be in the form of a solid rod, 
ribbon or a helical coil or wire or combinations thereof. 

As shown in FIGURE 17, the distal end 320B of the flexible wire 320 is secured to a rounded plug 318 
of solder or braze at the distal end 322B off the coil member 322. The coil member 322 of the catheter 310 may 
be comprised off a helical coil 322. The coil member 322 is coaxially disposed about the flexible wire 320, end is 
secured to the flexible wire 320 by soldering or brazing at about the proximal end 320A of the flexible wire 320 
as in the manner shown in FIGURE 17. The baHoon member 316 is preferably a compliant balloon formed of a 
suitable elastic material such as a latex or the like. The flexible coil 322 is preferably formed of a radiopaque 
material such as platinum or gold. The flexible core-wire 320 and the tubular member 314 are preferably formed 
of a nickel-titanium alloy or stainless steeL 

The catheters of the present invention are preferably provided with a coating on the outer surface, or on 
both the inner and outer surfaces. Suitable coatings include hydrophilic, hydrophobic and antithrombogenic coatings. 
Examples include heparin and TEFLON. These coatings can be applied using methods well known in the art. 
Fluid Mechanics off Irrioation/Asoiration 

In order to understand the design criteria of the catheter system of the present invention, it is useful to 
have some understanding of the fluid mechanics of the system. The effect of the pressure differential between the 
irrigation and aspiration openings on the emboli containment chamber was first studied. It was confirmed that as 
the pressure differential increased, the flow rate in the chamber increased exponentially. 

Some preliminary studies demonstrated that the fluid flow through the irrigation catheter into the chamber 
then out through the aspiration catheter could be represented by equations for fluid flow in pipes. The basic 
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A guidewire having a 4 mm inflatable occlusion baOoon at its distal end was inserted through the main catheter and 
past the distal end of the main catheter so that a 100 mm chamber was created between the two balloons within 
the flexible tube. An irrigation catheter was then positioned just proximal of the guidewire balloon. The main and 
guidewire balloons were then inflated to isolate the chamber. 
5 A pump was connected to an irrigation port on the irrigation catheter using a stop cock, and a pressure 

gauge was connected inline with the pump output line. A 60 cc syringe was connected to an aspiration port on the 
main catheter to provide aspiration pressure or vacuum. A vacuum/pressure gauge was connected inline with the 
aspiration One to the syringe. A 100 ml beaker of fluid (8.5 g/l sodium chloride solution or water) to be used in 
the test was then provided. The pump was operated until the chamber was filled with fluid and all the air was out 
10 of the irrigation and aspiration catheters. 

A summary of the apparatus used in testing is shown below in Table 1: 
Table 1: Test Apparatus Dimensional Breakdown 



Mam Catheter ID/00: 


.0651086 




Irrigation Catheter ID/00: 


.038/.046 




Asp. X-seetional Area: 


.0017 


in 1 


Chamber length: 


10 


cm 


Chamber ID: 


.4 


cm 


Chamber Volume: 


U 


cc 



20 With the input line to the pump in the fiDed beaker, the pump was operated and adjusted to the desired 

pressure. Twenty-five cc of fluid was measured and placed into an empty beaker, and the input line to the pump 
was placed into the beaker. The stop cock to the aspiration catheter was closed, and the plunger on the 60 cc 
syringe was pulled back until the desired vacuum was obtained. The pump was then turned on, and simultaneously, 
the stop cock to the aspiration port was opened and a timer 

25 was started. When the desired time had passed, the pump was turned off and the fluid remaining in the beaker and 
the fluid collected in the 60 cc syringe was measured. 

A two level factorial design with two replications was used to determine the effect irrigation pressure and 
aspiration vacuum had on the flow rate through the system via the 4 mm x 100 mm tubular chamber (see Table 2). 
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Table 2: Factors and teveb 




i| Faeior 


Low Level 


l| Irrigation Pressure 


5 psig 


I Aspiration Pressure 


-10 irvHg 



10 



15 



20 



Level 



30 psig 



•25 in-Hg 



The results o! the testing are 



shown below in Tables 3 and 4. 



Table 



3: Bow Data Using a Saline Solution for Irrigation 



25 



30 



(jmt) 



9.9 



17J 



19.9 



27.3 



34J9 



42.3 



13 



30 



30 



Asp 



<m-H* pate) 



.10 



-23 



.10 



.25 



.10 



-25 



SVa 



42 



1-3 



93 



103 



10.1 



102 



31 



.12 



46 



.12 



4.1 



i.4 



t.4 



93 



J5 



00 



33 



92* 



j6I 





•can 

(«) 


stdcv i 

(cc) 


2 


.12 


..1 


J3 


.3 


Jl 


2.1 


42 


J 


.40 


1.1 


23 



Time 



530 



554 



53.7 



534 



IJD4 



245 



31 



3B 



ASP Flow lUte 



9S 



9.1 



10.4 



10J 



.41 



45 



36 



37 



Table 4: Flow Data Using Water for Irrigation 




» b Ac pfe»»t Afferent!*! between 
V - volume and ie-3 otherwise 



The irrigation pressure was varied between 5 and 30 psig 



with the aspiration pressure varying between - 



10 and -25 in-Hg. The results show that there was little 



diHerence between the use of the saline solution and the 
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use of water. The lowest flow rate of 4.6 cc/mm was obtained for a 5 psi irrigation pressure and a -10 in-Hg 
aspiration pressure (6 p-9.9 psi). The highest flow rates were obtained when a 30 psi irrigation pressure was used 
with rates of 10.4 and 10.2 cc/min for an aspiration pressure of -10 (dp-34.9 psi) and -25 in-Hg (<5p-42.3 psi) 
respectively. 

The results of this two level factorial design supported the results obtained in earlier studies: that as the 
(5p across the system increases, the flow rate increases exponentially. 

The results were consistent with Bemoulfi's equations for flow in a tube in that the fluid velocity is 
proportional to the square root of the pressure differential between the two points assuming a constant fluid density 
and losses. When the flow rate was plotted against 6p an exponential trend with an R 2 -.7154, the results support 
the proportional relation between pressure and the fluid flow rate expressed in equation 2 (see FIGURE 19). 

Analysis of the data produced an extremely significant model with an adjust R J -.994 (see Table 5). Each 
of the main factors as well as the interaction between the irrigation and aspiration pressure were highly significant 
with a p < .0000. 



15 



20 



Table 5: Data Analysis and Model for Flow Rate (solution: saline) 
Adjusted R z .994 
Standard Error .227 
Mean Abs. Error .1278 





Coeff icient .. 


■ Error 


Factor* 


pvalue 


Flow Rate |cc/min|- 


8.6 


± .0654 








3.367 


± .1309 


Irrigation 


.0000 




•12 


t .1309 


Aspiration 


.0000 




2.37 


t .1309 


Irr' Asp 


.0000 



25 



30 



The analysis of the interaction between the irrigation and aspiration pressure showed that by using a tower 
aspiration pressure of -25 in-Hg the effect of the irrigation pressure can be minimized (see FIGURE 20). The increase 
in the flow rate between 5 and 30 psig was 1.0 cc/min for an aspiration pressure of -25 in-Hg, whereas the increase 
was significantly higher, 5.6 cc/min, when an aspiration pressure of -10 in-Hg was used. Another advantage of using 
the lower aspiration pressure was that it took longer for the pressure to equalize as measured by the aspiration 
pressure gauge thus a higher flow rate was sustained over a longer period of time. 

The tubular chamber used in this study was 4 mm x 100 mm which contained a volume of 1.3 cc; 
therefore for the worst case flow rate of 4.6 cc/min UP— 5 psig, AP— 10 in-Hg) the fluid is exchanged approximately 
3.5 times taking approximately 17 seconds for each exchange. The fluid collection in one minute is 9.2 cc for an 
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Alternatively, a guide catheter or angiography catheter can first be delivered to the she of the occlusion. 
The inner catheter is inserted through the guide or angiography catheter, and positioned within the patient. The 
guide or angiography catheter is removed, and the mam catheter is inserted over the inner catheter into position 
proximal to the occlusion. The occlusive device at the distal end of the main catheter is activated, the occlusive 
5 device on the inner catheter is put into position distal to the occlusion and activated, and the procedure continues 
as described above. 

Alternatively, the main catheter can be delivered directly to a position just proximal to the occlusion, without 
use of a guide or angiography catheter. The inner catheter is then delivered through the main catheter as described 
above. 

10 In another alternative embodiment of the present invention, the inner catheter can be delivered first through 

the guide catheter. The occlusive device on the distal end of the inner catheter is positioned distal to the occlusion. 
The main catheter is introduced over the inner catheter and advanced into the ostium of the carotid artery and into 
the lumen of the vessel The main catheter is advanced until the bafioon is just proximal to the occlusion. The 
intermediate catheter is then delivered into the chamber to provide appropriate therapy. The occlusive devices on 

15 the distal ends of the inner and main catheters are activated, to create a treatment and isolation chamber 
surrounding the occlusion. This method can be used when the physician determines that the risk of crossing the 
occlusion prior to activation of the proximal occlusive device is minimal. 

Referring now to FIGURE 18B, once the chamber has been created around the occlusion, an intermediate 
catheter 420 is delivered to the site of the occlusion 406. In the example illustrated in FIGURES 18A-F, the 

20 intermediate catheter 420 is a therapy catheter having an angioplasty balloon on its distal end. The intermediate 
catheter 420 is delivered to the site of the occlusion 406 as shown in FIGURE 18B. 

The term "therapy catheter" is meant to include any of a number of known devices used to treat an 
occluded vessel. For example, a catheter carrying an inflatable or mechanically activated balloon for use in balloon 
angioplasty, as is used in this example, can be delivered to dilate the stenosis. Thermal balloon angioplasty includes 

25 the use of heat to "mold" the vessel to the size and shape of the angioplasty balloon. Similarly, an intravascular 
stent can be delivered via a baDoon catheter and deployed at the site of the stenosis to keep the vessel open. 
Cutting, shaving, scraping, or pulverizing devices can be delivered to excise the stenosis in a procedure known as 
atherectomy. A laser or ultrasound device can also be deBvered and used to ablate plaque within the vessel. Various 
types of rheoOtic devices could be used. Various thrombolytic or other types of drugs can be delivered locally in high 

30 concentrations to the site of the occlusion. It is also possible to deliver various chemical substances or enzymes 
via a catheter to the site of the occlusion to dissolve the obstruction. A combined aspiration and therapy catheter 
can also be used. The term "therapy catheter" encompasses these and other similar devices. 

Referring now to FI6URE 18D, after the balloons 402 and 412 are properly inflated, and the therapy 
catheter 420 in place, therapy begins. For emboli containment systems featuring balloon dilatation treatment, it is 

35 desired to compress the plaque or material forming the 406 to provide a larger passageway through the vessel 
Thus, a balloon angioplasty catheter 420 is positioned such that the distal end with the balloon 426 thereon is at 
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Once the desired catheters are properly positioned, irrigation and aspiration are performed. The irrigation 
fluid and aspiration pressure are delivered in such a way as to ensure that the change of pressure within the 
chamber is below about 50 psi to avoid damaging the vessel. The irrigation fluid, preferably normal saline solution, 
is preferably delivered at a pressure of from about 5 psi to about 50 psi; 5 psi is preferred. The aspiration pressure 
5 is preferably between about -5 and -30 in-Hg, and more preferably is about -20 in-Hg. Again, these pressures ere 
measured from at the proximal end of the catheters. The irrigation and aspiration can be delivered simultaneously, 
continuously, or delivery can be pulsed, or one can be delivered continuously while the other is delivered in a pulsed 
fashion. The user can determine the best method of delivery to provide optimized flow, turbulence, and clearance 
within the chamber. 

10 Referring again to FIGURE 18F, it is preferable that the inflation pressure within the distal occlusion balloon 

402 is maintained at a level greater than the pressure in the chamber and the jet created by irrigation to avoid the 
leakage of fluid and debris past the distal occlusion balloon 401 Similarly, the inflation pressure in the proximal 
occlusion balloon 412 should be maintained at a level greater than the pressure in the chamber and the aspiration 
pulsation to avoid having fluid aspirated from behind the balloon 412 and possibly aspirating the balloon 412 itself. 

15 Again, the irrigation and aspiration pressures provided are such that the change in pressure during fluid flow into 
and out of the vessel does not damage the vessel. The change in pressure is preferably no greater than about 50 
psi. 

In another embodiment of the present invention, after the therapy catheter is removed, the aspiration 
catheter is delivered such that its distal end is positioned approximately 1-2 cm from the distal occlusive device. 

20 The proximal occlusive device is then deactivated, to allow blood flow into the chamber. This blood flow is used 
as irrigation flow. The biood, acting as irrigation fluid, is aspirated together with particles and debris through the 
aspiration catheter. This eliminates the need for a separate source of irrigation fluid. In this embodiment, it is 
preferred that the blood flow rate in the vessel is greater than about 100 cc/min, and flow rates of 60-80 ccjmin 
are preferred. This method is illustrated in FIGURE 186. 

25 In yet another embodiment, illustrated in FIGURE 18H, after the therapy catheter is removed, the proximal 

occlusive device is deactivated, allowing blood flow into the chamber. The blood, acting as irrigation fluid, is 
aspirated together with particles and debris through the opening in the main catheter. This eliminates the need for 
a separate aspiration catheter and a separate source of irrigation fluid, thereby reducing the time necessary to 
complete the procedure. 

30 Aspiration and irrigation are continued until particles and debris 424 are removed from the chamber 422, 

then the irrigation, aspiration, or the therapy catheter 420, is removed. First the distal 402 and then the proximal 
412 occlusion balloons are deflated, and the guidewire 400 and main catheter 410 are removed. Finally, the guide 
catheter is removed, and the incision in the patient's femoral artery is closed. 

Although the foregoing detailed description has described several embodiments of the present invention, it 

35 is to be understood that the above description is illustrative only and not limiting of the disclosed invention. It will 
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WHAT|S C^AIMEP 1$: 

t. A catheter system, comprising: 

a hoDow inner catheter having a proximal end and a distal end; 
an occlusion device mounted on the distal end of the inner catheter; and 
a main catheter sized to receive the inner catheter such that an outer fluid pathway is formed 
therebetween for irrigation or aspiration, said mam catheter having an occlusion device mounted on a distal 
end which cooperates with the occlusion device on the inner catheter to form a chamber therebetween, and 
the main catheter having a dedicated irrigation/aspiration port to permit simultaneous irrigation and 
aspiration within the chamber. 

2. The system of Claim 1, wherein said inner catheter comprises a guidewire. 

3. The system of Claim 1, further comprising an intermediate catheter, wherein at least a portion 
of said intermediate catheter is positioned over said inner catheter such that an inner fluid pathway is formed 
therebetween and such that the intermediate catheter is siidabte to a location proximal to the occlusion device on 
the inner catheter. 

4. The system of Claim 3, wherein said intermediate catheter comprises an irrigation catheter. 

5. The system of Claim 3 r wherein said intermediate catheter comprises an aspiration catheter. 

6. The system of Claim 3, wherein said intermediate catheter comprises a therapy catheter. 

7. The system of Claim 6, wherein said therapy catheter comprises a catheter selected from the 
group consisting of a balloon angioplasty catheter, a stent deploying catheter, an ultrasound device, and a drug 
delivery catheter. 

8. The system of Claim 3, wherein said intermediate catheter comprises a catheter which can both 
aspirate and irrigate. 

9. The system of Claim 1, wherein said occlusion device on said inner catheter is an inflatable 

balloon. 

10. The system of Claim 1, wherein said occlusion device on said main catheter is an inflatable 

balloon. 

11. The system of Claim 9, wherein said main catheter further comprises an inflation lumen in a wail 
of said main catheter in fluid communication with said inflatable balloon. 

12. The system of Claim 1, wherein said main catheter has an outer diameter of less than 5 mm. 

13. The system of Claim 3, wherein the inner pathway and the outer pathway each have an opening 
at a distal end which are approximately equal in size. 

14. The system of Claim 3, wherein the inner pathway and the outer pathway each have an opening 
at a distal end of at least about 150 micrometers. 

15. The system of Claim 3, wherein the inner pathway and outer pathway comprise each have an 
opening at a distal end of at least about 500 micrometers in diameter. 
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main catheter is more flexible than the proximal end. 
2t. A catheter system, comprising: 

a hollow guidewire having a proximal end and a distal end; 
an inflatable balloon mounted on the distal end of the guidewire; 

sai0 flui dewue such that an inner fluid pathway » forced therebetween and such that the — . 
catheter is slidable to a location proximal to the balloon; and 

aspiration within the chamber. „ no „i„ n 
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a t 9 riktal end which are sized to balance fluid flow, 
at a distal end of at least about 150 micrometers. 
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